Abstract -About 250 bumblebee species in 15 subgenera are known in the world. Identification of some species is difficult due to small morphological differences. In this study, wing venation patterns were analysed to obtain characters for species identification. Four hundred and sixty-nine bumblebees from 121 localities in Slovenia and 61 imported individuals were included in the analyses. The coordinates of 19 vein junctions on the forewings were measured and used in the calculation of 37 wing characters. Based on discriminate method, more than 97% of all analysed bumblebees were assigned to the correct species. The most informative characters were angles J16, A4 and discoidal shift. Wing venation pattern also differed between autochthonous and imported Bombus terrestris individuals.
INTRODUCTION
The world bumblebee fauna consists of approximately 250 species (Williams 1998) . All species of the genus Bombus have been assigned to 15 subgenera (Williams et al. 2008) . The majority of these species are known as true bumblebees. The remaining 45 species are known as cuckoo bumblebees, and belong to the subgenus Psithyrus (Pedersen 2002) .
Correct species identification is very important especially when bumblebee species are used as an environment indicator. As a genus, Bombus is morphologically monotonous (Michener 1990) , and species are difficult to identify due to variations in colour, size and morphology (Krüger 1958; Pekkarinen et al. 1979; Reinig 1981) . Early classifications depended mostly on colour patterns (Dalla Torre 1980) , but these were generally regarded as being of limited value, particularly since most species exhibit considerable colour variation within and between populations. Also, there is often convergent evolution of coat colour driven by Mullerian mimicry (Plowright and Owen 1980; Williams 2007) . Many morphological keys exist for bumblebee determination (e.g. Faester 1959; Løken 1973; Milliron 1973; Alford 1975; Delmas 1976; Erlandsson 1979; Svensson 1979; Løken 1984; Rasmont 1984; Prys-Jones and Corbet 1991; Amiet 1996; Bertsch 1997) ; however, only the species from limited geographic regions are included in these keys. Species are often distinguished only by small differences in morphology and therefore, a lot of practice is needed for correct determination.
The subgenus Bombus with the European species Bombus terrestris, Bombus lucorum, Bombus cryptarum, Bombus magnus, Bombus maderensis and Bombus sporadicus varies so little that only typical specimens and queens can be identified (Pedersen 2002) . Despite considerable intraspecific variation, studies based on morphology (Krüger 1958; Pekkarinen et al. 1979; Rasmont 1984) , cross-breeding experiments (De Jonghe and Rasmont 1983) , enzyme electrophoretic data (Scholl and Obrecht 1983; Pamilo et al. 1987 ) and analysis of the compounds of the secretion from male labial glands (Bertsch 1997) confirmed the existence of these species. Also, comparison of mtDNA sequences within the subgenus Bombus showed that species can be characterised using specific mtDNA polymorphisms (Pedersen 2002; Murray et al. 2008) . However, reliable identification based exclusively on morphological traits is still problematic and numerous discrepancies in classification and identification are still present.
In the present study, we examined the wing venation patterns of 18 bumblebee species to determine if this approach is sufficient for species identification and determination. Wing venation characters have been applied in morphometric analyses and taxonomic classification of the honeybee Apis mellifera L. (Ruttner et al. 1978) . Compared to honeybees, bumblebees have similar wing venation structure (differences exist only in one vein junction) and therefore the same wing characters could be used for species determination. We also assessed the suitability of this approach to distinguish specimens of imported B. terrestris from the Netherlands, which are used for commercial pollination, from native specimens of the same species from Slovenia.
MATERIALS AND METHODS

Collecting samples and identification
Altogether, 530 specimens (workers and queens) were analysed (Table I) . While in some species (e.g. Bombus pascuorum), many specimens were found and included in the analyses; in others (e.g. Bombus barbutellus), only few specimens were collected and analysed. Four hundred and sixty-nine specimens were collected from different sites in Slovenia (Figure 1 ) and 61 specimens (B. terrestris) were from commercial colonies imported from the Netherlands. All specimens were collected over three years, 2004-2006 , from June through September each year. Species identification was made using morphological keys (Amiet 1996; Prys-Jones and Corbet 1991) . Before and after analysis, specimens were stored at −80°C.
Wing venation analysis
The right side forewing was removed from each specimen, attached to paper and scanned into a digital image. Coordinates of 19 vein junctions ( Figure 2 ) were used for analysis, following Ruttner (1988) , to obtain 37 wing characters (Tables II and III) . For calculating wing characters, BeeWings 1.20 (Farny 1999 ) was used.
All data were analysed with the statistical programme SAS (version 8.02). Analysis of variance was calculated for 37 characters. Following discriminate analysis, based on Mahalanobis distances, each specimen was assigned to a group. In addition, canonical discriminate analysis was performed and three components with the most variability were calculated. 3D graphs were constructed using the KyPlot programme (ver. 2.0 beta; Yoshioka 2001). Finally, multiple variance analysis based on LSD (least significant difference) test was performed and statistical differences between species in wing venation characteristics were calculated.
RESULTS
Explained variability (R 2 ) and values of statistical significance (p) for each of 37 characters are shown in Table IV . The highest R 2 was calculated for angles J16 (0.64), A4 (0.62) and for the discoidal shift (0.60). The least informative were angles O26 (0.16) and A1 (0.15). Altogether 30 characters had R 2 above 0.30 and for subsequent calculations only the most informative characteristics were used (Table IV) .
Using discriminate analysis, all specimens in 13 out of 18 species were classified into correct species groups (Figure 3) . In five species, a few specimens were classified incorrectly. The highest error rate was found in Bombus sylvarum, where two out of 17 specimens were classified incorrectly (11.8%), while in native B. terrestris (30), Bombus hortorum (52), Bombus humilis (40) and B. pascuorum (102), only one specimen was assigned incorrectly. Analysis also revealed differences between Slovenian and imported populations of B. terrestris. Two native specimens were assigned to the group of imported B. terrestris and similarly, three imported bumblebees out of 61 were classified in the native population.
Using canonical discriminate analysis, three variables were created to separate the species into groups based on wing morphology. Due to high degree of overlap, plotting all 18 species in one graph showed only basic differences between species. To demonstrate that morphologically similar species can have significantly different wing morphology, we grouped together only the most morphologically similar species (Figure 4) . A comparison between B. lucorum and B. terrestris is shown in Figure 4a . Although both species are morphologically very similar in other characters, the specimens fell into separate groups that overlapped only slightly. Species Figure 1 . Dots indicate sites in Slovenia where bumblebees were collected for analyses. Bombus lapidarius, Bombus monticola, Bomobus ruderarius, Bombus rupestris and Bombus wurfleinii are all black with red pile on the terminus of the abdomen, but based on wing venation these species can be discriminated ( Figure 4b) . A comparison between B. hortorum, B. lapidarius, B. lucorum and B. pascuorum is shown in Figure 4c . Differences among species are clearly seen; only specimens B. lucorum and B. lapidarius overlap. Again, analysis revealed differences between autochthonous and imported populations of B. terrestris, although populations overlapped in the middle (Figure 4d ). Difference in wing venation characters and statistical significance among bumblebees species, based on t test and LSD criterion are shown in Table V . Four species (B. humilis, B. lucorum, Bombus pratorum and B. terrestris) and the group of the imported B. terrestris were significantly different from all other species. Also, the difference in wing venation between autochthonous and imported B. terrestris was significant. However, differences among B. barbutellus and the other nine species were not significant.
DISCUSSION
Nearly all measured wing pattern characters were informative (average R 2 =0.43). Unlike in honey bee species and subspecies determination, the most informative character for Bombus determination was not cubital index (Ruttner 1988 ), but angles J16, A4 and discoidal shift. The least informative characters were angles A1 and O26. Angle O26 is related to a vein junction where differences between honeybee and bumblebee wings occur, and therefore a low informativeness was expected. In angle A1, one length is too small for accurate measurements In angles, the vertex is denoted by the second number in the series and the first and last numbers are the end points of line segments Wing venation structure in Bombus and low informativeness was a consequence of a high scoring error.
Results of the discriminate analyses were very promising. Based on this method, more than 97% of analysed bumblebees were assigned to the correct species. In 13 species, all specimens (100%) were correctly assigned. With some optimization and programme for wing measuring adjustments this method will undoubtedly yield even better results. The results may further improve Characters in shadowed fields were omitted from further analysis Cub cell 1 (CUB1) 7, 8, 9, 17, 18 7-8, 7-9, 7-18, 8-9, 9-17, 9-18 , 17-18 Cub cell 2 (CUB2) 4, 6, 8, 9, [4] [5] [6] [7] [8] [9] [10] [6] [7] [8] [6] [7] [8] [9] [10] [8] [9] [8] [9] [10] [9] [10] 1, 2, 4, 5, 6 1-2, 1-5, 2-4, 2-5, 4-5, 4-6, 5-6 Discoidal cell 1 (DIS1) 9, 10, 11, 16, [9] [10] [11] [9] [10] [11] [12] [13] [14] [15] [16] [17] [10] [11] [11] [12] [13] [14] [15] [16] [11] [12] [13] [14] [15] [16] [17] [16] [17] 2, 3, 12, 11, 10, 4 2-3, 2-4, [3] [4] [3] [4] [5] [6] [7] [8] [9] [10] [3] [4] [5] [6] [7] [8] [9] [10] [11] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [4] [5] [6] [7] [8] [9] [10] [10] [11] [11] [12] 12, 13, 14, 15, [11] [12] [13] [14] [15] [16] [12] [13] [12] [13] [14] [15] [16] [13] [14] [13] [14] [15] [13] [14] [15] [16] [14] [15] [15] [16] if more specimens could have been included in the analyses, specifically where only a few bees represented a species (e.g. B. barbutellus).
The method also appears useful to compare or distinguish populations of the same species, because we distinguished imported B. terrestris individuals from the native Slovenian B. terrestris population. Based on these results, bumblebee wing venation pattern is an appropriate tool for species determination. The method is especially Wing venation structure in Bombus Table V . Difference in wing venation characters among bumblebees species, based on analysis of variance and t test for Canonical variable 1 (below diagonal) and statistical significance (above diagonal). Numbers in the first row indicate bumblebee species in the same order as in the first column ns not significant a Significant useful for species which, based on others morphological characteristics, are hard to determine (e.g. B. terrestris, B. lucorum). Using a full classical morphological approach can be time-consuming and ultimately results in the destruction of the specimen; therefore, the use of a single forewing for species determination is more appropriate if many specimens must be determined and the material is to be retained in an entomological collection. This method is not very expensive, compared to genetic analyses, due to low-capital investment needed (scanner, computer and software). It is also appropriate for researchers who do not have enough experience with bumble bee taxonomy as they could use wing venation analysis to confirm morphological identification.
Identification des espèces de bourdon (Bombus) à partir de la structure des nervures alaires.
bourdon / identification / Slovénie / nervures alaires Bestimmung von Bombus-Arten anhand der Struktur des Flügelgeäders.
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